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ProSesso=Joukcmskidied In Moscow at the age cf 72 ye=s.
Death uvestookMm at a time when =eoent e~erimeat8 had ju~t
1
conf:rmedhis theorieswttthregard to ~orting =Ings sad deuo~-
1
etratedthe remarkablepropertiesof the wing seotlonahe had
yrcqposeiLIt is this confirmationof the theoriesof w te%kes
ancltheir Importancefron the standpointcf aviat:onthat I pro-
pcse to set fort% tn %35 Fresent sstiole. “
1, The JoulsowsklYHnm.
A. Considerationof the recent emerine &aIlus . the GMttnaeQ .
JQikow@Qv l
Ths GMingen laboratoryhas just~blished** the resultsof
its tests cf numerous~ngs, made e2th3r@ the ordinary mtko~
with motils 2G0 x 1000 m. , with a velocity of 30 m/see, or tiith
models 500 X 1500 mm plaoed betwea tao vertloalwells, at veloo-
itiss of 10 to 40 neters per seoon& The first seziesof tests
nsre made with about a hundraddifferentwing seotions,the seo-
ond =ith only six.
Fig. 1 gives the seotionsof the Joukomki =ngs, numbered
429-435,also No. 358 (likewisea Jouko=kl wing), and Ko. 390,
* From ‘fL:Ae’ronautiwae,nAugust, 1Q21.
** Prandtl,Wieselsbergerand Betz, ‘~r~ebuiseeder Af3zso@mamiso-h-
en Versuohsanstaltzu -~t’tin~%r,”I Lieferuag (FtrstReport of
G!!ttlngen4sro@nanio ~aboratory),~. 54-72. Figs. 1-3 mre takez
from the atom work.
#
-—
—_——
-2-
~ig~ 2 giv33 the pclars of kings 429=435obtainedfrom the
.
200 X 1000 m models at 3 m!keo. Aepeot ratio is 5. Fig. 3 shows
the restitsobtainedwith wings 358 and 390, both betweenparallel
#
walls, #.th velocitiesof 10, 25 and 40 m/see, and also by the
ordinarynethod,at 10 and 30 m/see. Aspeot ratio Is 5.
?randtl’stheory of the ind.uoedrag tie :$ possibleto de-”
tewine the %heoretioalaspeot ratio (whiohwas 4,1) @f the sur-
f’aoesteetedbetweentwo walls and to redaoethe resultsto the
aepeot ratio 5. The polars, obtainedby the two methodswith the
same Repolds numbers,agree well, especially for wing 390, thus
justifyingthe method of oaloulatingthe theorstioalaspsot ratic.
The resultsof the G8ttingentests on
quenoa of whloh expezlmentshave been made
higher than any heretoforerealized,throw
whloh umtil reoentlywas saewhat mknown.
aemfoils, in oonse-
with Reynoldsnumbers
new light on a subjeti
.
He wI1l first reoallthe oonolusionereaohedonly a few
months ago, when we eralned the resultsof aerofolltestsmade
with aproduot VZ of the Reynoldsnmihsz ~ual to 1 ma/sea.*
1, A oomparison of the polars of thin wings (maximumrglative
thio~ess less twn I@) sliowedthat they were tia~ on the as-”
tion of a parabdio ourveparallelto the Farabolaof the Induoed
drag. The seotionaldrag indloatedby this ourvewas pzaotioally
aonstantand slightlygrsatezthan the drag due to friotionalone,
Ths polars of the thin flat wlnge followedthe ourve for small
* See our artiole lfLfA&odynsmiquexperimental en 1930: Lea
Voilures,Hin the January,1921s number of LIA&conautique,
. .. “
it for large lift ooeftioients,
The polars of thin oambered
mlags CLowly followedthis ourvefor large lift ooeEfioients,
shning a higk maxi- value of Ca, but differlng appreciably
223M the cu~e fo= anal.1lift coeffiolarts. Whateverthe canibex
of I& vkg, Its polar oloselyfollowedthe ideel ourve within
rslatimly narrow Limitsof the lift coefficients.
2. An examinationof the c)urveof the polars of mlngs of ar-
erage thiokness(10 to lx) ~~it possibleto demoaetratethat
“t~s sectionaldrag of this umre H&g greater than that of the
cuzve for tiiin wings,but that (a very importantfaot) the polam
of oertainoamtxmedwings of ave=agethicknessfollowedthe ideal
ourre throughoutvery broad limitsof the lift ooeffloients. An
ino~easein tkidkneestendedto eliminatethe deflectionfor small
list ooefficlents.
3. Lastly,the seotionaldrag of the ideal ourve of the pol-
ars of tkiok rings (overl@) was ~rsoiably greaterthan that
of the ourve for wings of averagethio-kness.~e~e ~ like~~e
demonstratedfor the polars of &ese uings a tendenoyto follow
the ideal ourve closely,althoughin a less de~ee, ohief~fon
aooountof the deflectionfor large lift ooeffioients.
To sum up, thin wings praottoallyreallze (thoughwithinvery
narror Mmits of the lift ooeffioientsand varyi& foa the diffm-
ent wings) the ideal flor withoutdeflectionof the air stream.
Rings of avmage thioknessdn not realizethis flow without de-
.
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fleofd.on,bd e=pproximateit withinvery broad lift llmi%s.
Lastly, thlok wings divergeoons$derablyfrcm the ideal flow.
----. .-,. ,. .=,
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From the praotloalpoint of vie; &f”the ohoioe-o?the wing
seotioa,this state of tifairsjthat is, of the non-ex.istenoeof
one wing seotionsuperiorto all others for all 1$.ftooeffloients
had led LI.Sto a method
fommnoef3of airplanes
‘pending
ing for
landing
planes,
to the imposed
based on a rapid determinationof the pe~-
wlth differentwing surfaoe areas, oorres-
oondltlons,maxim’umspeed for a given oeil-
..
militaryd~rplaes or maxhvh flying speed for a given
... .....
-.
6peed for trsJ’fioairp~nes. For oertalnmilil%ryair-
however,the conditions+bposedled to the oonsideratlm
of the-mlnhum landing speed. “‘
In the above-oitedartlole,we had been led to reoommend
thtn flat wings for militaryairplanesand wings of averagethiok-
..
nese and oember,especiallythe ~ttingen =ing No. 165S for ooM-
meroial airplanes.
We’had long insisted;however,on the unoertalntyo?.i&bora-
1,
tory resultsobtained with suoh low values of the Reynoldsnumbe~.~
In faot, reoent e~eriments h the Mttingen laboratory,with val-’
i
ues for vz of 6 to 24
from ths former ones.
We ehall oonslder
ma ~ see, gme resultsvery different ;
1
In detailthe oonolusionswhloh may be
--,
dsawn froh these”newdxperlments,-and we shalladd former eqeri-
.ments at the G8ttingenlaboratoryon four thin wings betweenver-
tioal walls, for vz = 30 m= : seo (See “Zeltsohrlftfk Flugteoh-
-, ---, ,.,.
r-5-
nik ‘id Motorluftsohlffahrt,n May 31, 1919, “Ahnliohkeitenan
Flfigelprofilem,n~‘by.-H.Kumbruah.)~ -
1. As regardsthin wings, we find few ohanges.
drag of the Ideal ourve of theiapolars ia slightly
but the defleotlonof the a5.r streamfor small.lift
The seqtiorml
diminished,
ooeffioients~
for oamberedwings and for large lift ooeffiolentsfor flat wings
alwayspersists. However,it seemspossible.toavoid the deflec-
tion for mall lift ooefflolentsof a thtn”wingof averageoamber,
by raisingits trailinged~ (Seewing 393, whloh is the famous
Lanier-Lawrenoe).
2. Rings of averagethioknesegain the most by inoreasi~ the
value of the Reynoldsnumber. For vz = 6 ma : see, the ideal .
ourve of theirpolazs coincidespraotioally,and for V2 = ~4 W’
seo exactly,with the ourveof the polars for thin wings.
Furthermore,the polars of some of these wings, eepecialy
those of the Joukowskiwings (Nos.430 and 358) ooinoideperfeotly
with this oume. The inoreaeein the value of the Reynoldsnumber
eliminatedthe deflectionof the air strmm and produceda perfect
flow for all lift coefficients. Fig. 3 olearlyshows the dieap-
pear=oe of the deflectionof the air streamfor both small and
large lift coefficientsproportional.to the inoreaseof vI.*
3. FOZ thlok wings,ae find a deflectionfor large lift coef-
..
fioientsleadingto smallmsximumvalues of O=. Moreover,thie ,.
* These resultsshow onoe more the uselessness of “comparative”
-1tests witk smallvalues of Rw~ids numbes, sinoe,under these oon
ditions, s thin wing and one of averagethlokness-oamgive
drags, while offeringvery differentdrags for high values
Reynoldsnumber.
.— —.. — — .-—..—-. .-
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EwXiiznamvai-ileof “Ca, insteadof ~mreaslng when vl inoreases,
as happensfor wiag 358; diMi12i Sh06, as shorn for wing 39!).
,s .,,---- .’.*--!-- ....F-----
W oan readilypgroeivethe import~oa of these aesults.
For the first time in experimentalaardynamioe, me find oureelv~~
In ths presenoeof a series”of wings supe~iorto
lift ooeffio:ents. .
Faom the praotioelpoiat of view in ohooslng
for an airplane,~hey lead to the ado?tlm In all
others for ail
a wing seotion
oaeee,of wings
of averegethioknossamt!oamber,and especiallyof Joukowekiwings.
w Jo~k. ow6kl with the ex-
It is known that the theory of the Joukowskiwings renders it
possible to detmmlne the values of the lift ~oeffioientIn terms
of ths angle of attaok for oertaingroupsof wing seotionswhose
oharaoteristlcshe determlne&
The Joukowski wings, tested in the G6ttingenlaboratory, Gll
belong to the same family,with ohord t (Fig.4), obtainedby rP-#-
resentlngin the plan of the variableocmplex ~ = ~ + Iq bjj
mans of the transformation ~ = z +**, the olroumfersncessitii-
!“
ated In the plane z = x + Iy and passing ali throughthe point
r 2!!~=-a, OE~ Yin find in the Fre”nohkr~slatl~ of profe8sor
* ——
— ..—.--..,
* For VZ = 6, wing 43o @ves a polaa only slightlysuperiorto that
—.
0#’ wing 3580 I’;iS oertainthat for Vl = 24, these polars will
oonth,ze to Be praotioallythe same,whenoe it followsthat all the
Intermediatewing sectionswill give the same Folar.
.
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. . positionOf-thtw”’-oryi ‘“
ProfessorJoukovsklappliedthe above transformationto the
cirmmferefioes=hoae oeatersare on the x-ax?.salone. He thus
exsmple.
ProfessorBlumenthal,after studyingthe pressuredistribu-
tion on Joukowekltinge, extendedthis transformationto every
oirouinferenoe%hoae oeatral ooordlnateehavg poslttvevalues. He”
clx?acterizedthese seotionsby the values ~ anii~, fixing the
position of the o.enter(Fig.4).
The former of thessvak:es is equal to twioe ths maxim rel-
ative cwnber of the mean line of the mi~.g. The latter chk-acter--
Izes the Ewd.mun relativethlckmss ~ of the sing,
+ = 2.2 to 2.6 ($
(Forf . .= C, the wing eeotloneare arm wltinoa?ibersequal to ;)
One will find In Fig. 5 thase values for wings 358 and 429 to
435. As regardsalng 358, let us note that it was not desi&nedas
a Joukowskiwing. It seems to oonstl.tutea transformation(by ‘
roundingtie tip Av) of wing 165, whioh alreadypossessedthe thin
~amberedmsar posttionpeouliarto the Joukofisklwing seottonet
.
.,,. . ... .
.
In-faot,If a %Ing seotio; Is.drawn from the”dataof Fig. 5, it
vI1l be Fraotioa2iylike No. 358.
P
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value of ths total lift P on a double convexw?.ngof
aspeot ratio,as givenby ProfessorJdukows2i,was
f.
P
transformed
,-. ; ,.,~..
.,. . .,
- .-. .- -
P =2npbs @sin
is the density of the fluid,b
ciroumferenoe,s the span, ~
direotionof the wind and the ~ sxls.
In the general ease, we found for the
.,. . .
E
the radius of the
the angle between the
v-due of tke iift,
The equationfor the lift
sin (aro tang+ + ~ )C
ooeffioientis
,
P
‘a =
.:lsva
=,11 {/lea+*}
/
x sin (aro tang+ +p)/.
For oomparingthe theoreticalwith the e~erlmental lift coef-
ficients,we prooeededas follors:
1. We traoed, in Fig. 5,.the ourve 1~ giving the values of
in terms of the angles
2. Let ~ and Oa
-attaok and of the lift
faro tang~ + ~~ oarriedon ths absoissas. “\
be two correlativevalues of the angle of
.
coefficientgivenby the tests on a wtng
with an aspeotratio 5, the angle of attaokbeing measuredwith
.. . .-i,...- .. . ..
l ..referenoeto the straightline AA (Fig.4) doubly tangentto the
.-
bottom camber and making an aqgle U. with the E axis. It iS
-—
J,” ‘ -
. . ...
— —
._, . .
3.6$“Oa.
arct-g~+~= aro tang+ + ~ + as - %64 oa.
On the other.hand, o‘a = CIa.&, in ~hioh Oa is the e~e2-
imentalvalue of the coefficientof il.ftfor the angle a= . We
have Indioatedin Fig. 5 the values oGrre~onding to the tests
made with wings 358 and 429 to 435.
3. Fig. 6 gives the values of the ratiosof the experimental
to the theoreticalcoefftolentof lift in terms of the seotional
drag of the samewings.
These two figureslead us to the followingoonclus~ons:
a. Tha.experimentalooeffioientof lift approachesthe
theoretloalooefficlentof lift In the same prcpostionas the tota2
drag approaohe~the friotlonaldrag or, in other words, as the
flow takesplaoe withoutdeflection.*
* Aooordin to the G&tingen tests,the ooeffioientof friotlonfor
fsurfaaeso fabrto with SIX ooats of dope, wcm’.ldbe
16 Kf (kg/&/m : see) = of = 0.0375 l~”’s
N being the Reynoldsnumber,equal to the ~:roduotof the velooity
times the ohord, dividedby the kinetio ooefflolent of vlsooslty
v.
(whioh iS ~ ma: sea for air at 15°C and 760”mmHg). T7e tlxul
find for: “
VZ .*...m. 24 . ma : see.4
k
......e O.G~636 O.G%4 0.%47 0.00437
; of=o~ I.27 1.08 0.94 0.87 (Contd.p. 10)
k. .— . . .. ..— -.-,. - —— —.-—
.— —--
--— --
. ..- ——. ..
.—
-1o- t
aiotangf< P =2.5° (% = -9016),
!_ . .. . . .+-- ., .,..- -. !.. .. .... .. .
the coaffident Sf lift, In spiteof a very great seotionaldrag:
s~roaohes the theoreticalooeffioientof lift iiruohnore oloeely
than with the angles of 5.30 to 8.2°# This Indioatesa ohange *n
t% flow whgok may like~isebe observed.formay othex wings test-
ed at G%tlngen and e~ecially for the very thiokwing 221, for
whloh a nq~tive v4ue of the lift ooeffioientwas found with the
amgle of attack ~ = - l~” and positivevalues of the lift ooef-
ficltintwtth smallerangles of attaok of -13° &d -15°. This
pnenoineronis probablyanalo~s to that produoedwith I.apgepos-
itive angles of attaok,as shown by a comparisonof wings 382 and
383 cm of 427 md 386.
0. For V1 = 6 Ea : see, tie mean ratio of the ooefflol-
ents of lift is 0.77, insofaras there is no a~preoiabledefleo-
tlcm~ and ezoeptingwing 42S.
d. For V2 = a4 ma : seo (wlr~358) and far wing 429 with
mall lift ooeffloients,this”ratiois 0.91.
2. It Is prolmblethat, for values of V1 below 24, ths ao-
tual flow stillmore ~loselyapproaabesthe theoreticalflow.
79 thus sse the reasonwhioh preventedProfessorJoukowsk3
* Contd. from p.9)
If t?e seotioti .tiagwere due simply to friotionand If the
velooitywere uniform ovgr the whol@ sufaoe, the ooeffloientof
the sectio~~ ~
Y
(Cwo) would eqtil twi-oethe ooeffiolentof
friotiog. “ ound, however,for oertainvery thin double oon-
vex wings, that the eeotionaldrag Is almost twtoe as mall as tha
friottontidrag.. Thus, for wing 444, Cw = 0.56, whiie
of = 2.08,whioh resultsrequire verlfioa%o~
1 --- — -.
.-11- l
sohriftf& Flugteohntkumi Motorluftsohlffahrt,See. 24, 3.915)
Srom drawingdefiniteoon~luslonsfrom the theo=y of supporting
W:ngs. “In faot, the testsmade by the fomer.in the laboratory
of the ive=lal teohnioalmhool at Moscwr, and by the latt6r in
“ the G8ttingenlaboratory,were baeed on too mnallvalues of Rey-
nolds numbe~ and i~d to defleotionewith small ooefficslentsof
llf% and very high seotlonaldrags.* (InP&ofssEorJoukowskits
tests, the anglesof zero lift coefficientalwaysdifferedWidely
from the theoretloalvalues.)
To Sum Up, ProfessorJockowskisstheory o: supportingwings
rendersit possible to oaloulate the ooeffloient of lift in term@
of the angle of attaok,and Prandtllscoefficientbf induceddzag
aaa the om=eotlon of the angle of atteok”ipterns of the disposi-
tion and aspect rr.tioof the wings. By adoptinga seotionaldrag
equal to the friotimal drag, we can very oloselyappmximats, by
.“.
calculation,the elementsof the resaltantof an aerofoil%Ith a
#&ven sectiQn.** “
We are thereforeapproachingthe solutionof a wobkn-wMc~ .
has troubledsolentlstssinoe the beginniagof a~iation. la
A large share of the orsdit for this solution~il revert to Pro-
fessor Joukovski. Thus the words of Helmholtz are verified. .
* Zn ProfessorJuukowskitse~erimente, for Ca = O to 120,
%0 = 8 to 10 and In those of Mr. B~tz, for a ting similarto No.
35e (In = lad, for Ca = o %0 120, = 3 to 5, while wtng 358,
for VZ = 2 <~ves~ = %.5 to 3. The% Is a dlaorepanoyhere,
whloh is e~-iainedperhapsb~ the oonditionof the wing surf-, .
‘i~t whtoh s~~ouldbe investigatedin order to determine%hether It
is mot due to the method of experimenting,vith wing elements
~laoed betweentwo vertioalwalls In a wind tunnel mtth continuous
=alls, thus produoingthe flow of!infiniteaepe~otratio.
“X*S99 nefi page.
.— . —— ----- — -— ——
** Up to lift.coefficientsof 0.075 k@y#m : see,wlng~ &O dad ~.%
give resultswhloh seem ino~le of t~rovement. All fhmther 5WJ
searohes should “m clevotad to dsvishg waya to avoid deflsotidfie
at high ooeffioientsof lift. 4From the la% es point of view, so-
lutions elmilarto that of Xandley-Pageappearpromising. Let us
reaall that the thaory liketieerendgrsit poseible to tram the
ourveof the osntezsof lift and let us~ In this oonneotion,tum
O=n at%e~tlsnto the shs@e of this ourve for wing 421, whioh, in-
s%ead of ooqprising,as for all the other wings, a neutralbranch
with posltlveooeffloientsof lift and a stablebran@. with ne~-
tive ooeffioienta of lift, oonsists,within the limitsof the
tests, of a neutral.branti and a stdblebrandh with positive ooef-
floients~f lift ~ a neutral branch with aegative oo?fflaieats
of llft.
Translatedby NattonalAdvlsosyGommltteefor Aeronautics.
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Fig. 1. Joukowsklwing sections.
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